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J .  Ward, Direct  Energy Conversion Division, NASA-Lewis 
Resea rch  Center ,  a s  P ro jec t  Manager.  
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A BS TRA CT 
The performance of tungsten, deposited f rom i ts  halides by 
hydrogen reduction of hexafluoride (fluoride tungs ten)  and hexa- 
chloride (chloride tungsten), as emit ters  of thermionic converters  
was studied in  six planar geometry converters  with niobium collectors 
and a n  interelectrode spacing of 8 f 1/2  m i l s .  The data a r e  presented 
in the f o r m  of variable cesium temperature  families and cover  the 
emit ter  temperature  range of 1600  to 2 0 0 0 ° K .  
the maximum power achieved a t  a given emit ter  temperature  with 
chloride tungsten emi t te rs  is higher than that achieved with fluoride 
tungs ten emi t te rs  throughout the tempera ture  range. F o r  example, 
at an  emitter tempera ture  of 2000"K,  the maximum power for  chloride 
tungsten emi t te rs  i s  about twice that for  fluoride tungsten emi t t e r s .  [t 
was a l so  found that chemical etching of fluoride tungsten makes  a con- 
s iderable  improvement in its performance. 
The resu l t s  show that 
i 
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SUMMARY 
'I 
i 
L !  
A s e r i e s  of thermionic converters  having tungsten, deposited 
f r o m  i ts  halides by hydrogen reduction of hexafluoride (fluoride 
tungsten) and hexachloride (chloride tungsten),  as emit ters  was 
fabricated and tested.  
tungsten ( in  three conve r t e r s ) ,  fluoride tungsten (in two conve r t e r s ) ,  
and chemically-etched fluoride tungsten (in one conver te r ) .  The data 
cQver the emitter temperature  range of 1600 to 2000"K, and the 
performance comparisons presented a r e  based on variable ces ium 
temperature  current-voltage families.  The relationship among the 
The emit ter  mater ia l s  used were chloride 
degree of orientation, the eesiated work function, and the performance 
of the emitter was  examined. The resu l t s  show that the maximum 
power achieved a t  a given emitter temperature  with chloride tungsten 
emit ters  i s  higher than that achieved with fluoride tungs ten emi t te rs  
throughout the emitter temperature  range studied. F o r  example, a t  
an  emit ter  temperature  of 2000"K, the maximum power achieved 
with chloride tungsten emi t te rs  is about twice that achieved with 
fluoride tungsten emit ters .  
of fluoride tungsten makes a considerable improvement in i ts  
performance. 
life -testing each converter.  
It was also found that chemical etching 
The stability of performance i s  being evaluated by 
vii 

I. INTRODUCTION 
Tungsten, deposited f rom its halides by hydrogen reduction of 
hexafluoride and hexachloride, has been shown to exhibit (1 0 0 )  and (1 10)  
,-> 
* i  
i 
i 
. .". 
* .  
pre fe r r ed  c rys ta l  orientation, respectively.  This technique of emi t te r  
production is  of pract ical  interest  since i t  readily allows fabrication 
of emi t te rs  in various geometrical  configurations. Previous inves t i-  
gations ( re ference  l )  have shown b a r e  work functions on the o rde r  of 
4. 5 eV for  the fluoride tung2:enand 5. 0 eV for the chloride tungsten 
emi t t e r s .  However, there  has  been no systematic  documentation of 
their  Performance charac te r i s t ics .  
Cylindrical geometry converters  with vapor - depos ited tungs ten 
emi t t e r s ,  niobium col lectors ,  and 10 mil spacings have been investi-  
gated ( re ference  2 ) .  The emit ter  of one converter  had a par t ia l  (110) 
c rys ta l  orientation, while the emi t te r  of the other converter  had a 
high degree  of (1 00)  p re fe r r ed  orieqtation. 
of 2070°K and an  output cur ren t  density of 12  A/cm 
ve r t e r  gave about 20  percent higher power density. 
A t  an  emi t te r  tempera ture  
the f o r m e r  c m -  
Hence, t he re  i s  a n  
2 
indication that chloride tungs ten emi t te rs  exhibit a higher power 
density than fluoride tungs ten emi t t e r s ;  f rom s t ruc tu ra l  considerations , 
however, chloride tungsten emi t te rs  may  be l e s s  desirable  because of 
their  high ra te  of grain growth. 
Chemical etching m a y  be used to develop high ba re  work function 
planes in  the fluoride ma te r i a l s .  
emi t te r  i s  descr ibed in  reference 3. 
a n  unusually good initial performance,  which degraded a s  the emi t te r  
was aged at 2150°K. 
The performance of an  etched tungsten 
In this ca se ,  the emi t te r  showed 
! 
I- 1 
The objective of the program described here in  was to provide 
a m o r e  complete documentation of the performance of chemically 
vapor-deposited emi t te rs ,  including the effect of chemical etching. 
A s e r i e s  of converters  having vapor-deposited tungsten emi t te rs  
and niobium collectors was fabricated and tes ted for the NASA Lewis 
Research  Center a s  a portion of the program,  "Per formance  Stability 
of Prefer red-Or ien ted  Vapor-Deposited Tungsten Emi t te rs  f o r  
Thermionic Converters .  The emi t te r  mater ia l s  used in this s e r i e s  
of converters  were  chloride tungsten (in th ree  converters) ,  fluoride 
tungsten (in two conver te rs ) ,  and chemically-etched fluoride tungsten 
(in one converter) .  The initial performance data for  these converters  
a r e  presented. The stabil i ty of performance i s  a l so  being evaluated 
by life-testing each converter ;  the resul ts  of these tes t s  will be 
presented in the final repor t  under this contract .  
comparisons presented a r e  based on variable cesiuni tempera ture  
families of volt-ampere charac te r i s t ics  taken over the emi t te r  tem- 
pera ture  range of 1600 to 2000"K,  with collector tempera tures  
optimized for maximum power output. In addition, the relationship 
among the degree of orientation, the cesiated work function, and 
the performance of the emi t te rs  was examined. 
The performance 
1-2 
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11. CONVERTER CONFIGURATION 
The converters  used in this p rogram were  designed pr imar i ly  
for  l ife-testing purposes .  
shown in Figure 1 .  
tungsten disk diffusion-bonded to a Ta-10% backup plate. 
A c r o s s  section of a typical converter  is 
The emi t te r  s t ruc tu re  consis ts  of a vapor-deposited 
(Details 
of the specific emi t te r  preparat ion procedures  a r e  given in a l a t e r  
sect ion.)  The emi t te r  s t ruc ture  i s  electron-beam welded to a 3 mil 
thick tantalum sleeve,  which in turn  i s  welded to the niobium flange 
of the insulating sea l  assembly .  
The collector section i s  machined f rom a single piece of niobium 
an upper section, containing and m a y  be considered in three  sections:  
the collector surface and support; a hea ter  section, containing the 
brazed-on sheathed tantalum hea te r s ;  and the lower o r  heat flux 
section, in which capability for hea t  flux measurement  has been 
provided. To establ ish the des i red  8 f 1/2 mil interelectrode 
spacing in a reproducible manner ,  the upper section of the collector 
is selectively machined to match  the emi t te r  and sea l  assembly.  The 
emi t te r  assembly  is then brazed to the collector section t o  complete 
the conver te r .  
measu red  f rom indicating sur faces  on the emi t te r  and collector body. 
The ces ium rese rvo i r  tubulation i s  brazed  to the lower section of the 
collector s t ruc ture ,  but i s  thermally isolated f r o m  the heat flux section 
by an  annular cavity. 
The actual  interelectrode spacing and alignment may  be  
The emi t te r  i s  heated by electron bombardment f rom a fi lament 
positioned above the backup plate.  
0.  040 inch and a depth-to-diameter ra t io  of 7 is dril led into the backup 
A hohlraum with a diameter  of 
11- 1 
plate to provide for  optical pyrometer  tempera ture  measurements .  
CollectQr tempera ture  is controlled by balancing the heater  input 
against the losses  through the heat choke section to  the water-cooled 
heat sink. A chromel-alumel  thermocouple, positioned 0 .  12 inch 
below the collector surface,  and two additional thermocouples in  
the heat  f lux  section a r e  provided for  collector tempera ture  and heat 
flux measurements ,  respectively.  Cesium rese rvo i r  tempera ture  
i s  controlled by balancing the heat input from the tubulation and the 
hea ter  against  the heat losses  through the cold s t r a p  to the heat sink. 
. :. 
e ;  
a 
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Figure 1. Schematic of the Converter. 
11- 3 

i 
'I ? 
I 
C" _ I  
111. EMITTER PREPARATION 
The emi t te r  ma te r i a l  was supplied by San Fernando Laborator ies  
and the emi t te r  s t ruc tures  were  prepared  by Gulf General  Atomic, 
Incorporated ( re ferences  4 and 5). 
cussed below, a r e  summar ized  in Table I. 
The fabrication procedures ,  dis - 
A .  EMITTER B2-2 
Emi t t e r  B -2 was machined f rom a fluoride vapor-deposited 2 
The disk (0.  63 inch i n  d iameter )  was ground to  the tungsten disk.  
required 44 mil thickness with a water-cooled Alundum wheel, 
and then outgassed for  200 hours  at 2073°K in a 10 
ment.  
a hohlraum was machined into the plate by means  of a flat-bottom 
dri l l .  The emi t te r  was then heat- t reated for  200 hours a t  2073"K, 
machined to the final dimensiom, and given an additional 100-hour, 
2 07 3 "K heat  t reatment  . 
-6 
t o r r  environ- 
After the tungsten was diffusion-bonded to  the backup plate, 
B. EMITTERB -2 6 
The preparation of fluoride tungsten emi t te r  B -2 was similar 
to that of B -2 except that, before  the final heat t reatment ,  the s u r -  
face was mechanically polished with 1 -micron diamond paste and then 
electropolished in a 10% NaOH solution. 
6 
2 
C. EMITTER D1-1 
The preparat ion of fluoride tungsten emi t te r  D -1 was similar 
to that of B -2 ,  with the addition of a chemical etch for  2 hours  in a 
1 
6 
solution of 100  par t s  saturated K F e (  CN) 5 par t s  saturated KOH, 3 6' 
and 9 5  par t s  H 0 before the final heat t reatment .  2 
111- 1 
I 
D. EMITTERS C - 2 ,  C - 4 a n d  C1-5  
1 1 
These emi t te rs  were  cut f rom a single disk of chloride 
vapor-deposited tungsten. 
a t  2073°K for 4 hours  and machined to the final dimensions. The 
emitting surface was then polished with a 1 mic ron  diamond 
paste  and electropolished in a 10% NaOH solution. 
The emi t te rs  were  s t r e s s  -relieved 
A heat  
t reatment  for  100  hours  a t  2073°K completed the preparation. 
L ; 
t 
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IV. EMITTER CHARACTERIZATION 
Because of the correlat ion between crys ta l  plane orientation 
and thermionic emission,  it is important to determine the fraction 
of the par t icular  c rys t a l  planes lying within a given angle of the 
bulk sur face .  
i s  useful in comparing and ranking samples .  
Such measurement  of the degree of prefer red  orientation 
Measurement  of the degree of prefer red  orientation can be made  
conveniently using a conventional pole figure accesso ry  for  a n  x - r a y  
diffractometer .  
receives  the beam diffracted f rom the par t icular  plane under investiga- 
tion. 
moves out of the plane formed by two x - r a y  beams while it continues 
to bisect  the angle between them. 
x- rays  vs t i l t  angle cy is then integrated cumulatively to  give a curve 
which represents  the total intensity originating f rom a c rys t a l  plane 
within the angle cy of the surface.  This curve is the so-called "pole 
figure.  I' 
The sample is  located s o  that the x - r a y  detector 
The sample surface i s  then tilted s o  that the surface normal  
The result ing intensity of reflected 
The pole figures of a l l  emi t te rs  used in  this program w e r e  
obtained by Gulf General  Atomic, Inc. ( re ference  6 ) .  
the pole figures of chloride vapor-deposited tungs ten emi t t e r s .  Note 
that emi t te r  C -2 has  the highest degree of (110) c rys ta l  plane or ienta-  
tion. The pole f igures  of emit ter  D -1 and B -2 a r e  shown in F igure  3 .  
1 6 
It is difficult, however, to compare  these pole f igures ,  since the t r ea t -  
ments  of the two sur faces  a r e  quite different. 
F igure  2 shows 
l 
IV-1 
I- ! 
The vacuum work functions of the emi t te rs  were not measu red  
p r io r  to the initiation of testing due to difficulties encountered in  
welding the tantalum sleeve to a heat  t rea ted  Ta-10% W backup plate. 
Gulf General  Atomic Ine. c a r r i e d  out the post l ife tes t  investigation 
I ? 
< 
1 
1 
of the emi t te r  sur faces ,  and reported the ba re  work functions ( r e f e r -  
ence 7 )  shown in Table 11. 
TABLE I1 
EMITTER BARE WORK FUNCTION MEASUREMENTS 
! 
? 
i 
i 
1 
.i 
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V .  PROCEDURE 
A .  CONVERTER OUTGASSING AND GAS ANALYSIS 
After fabrication, the converter was mounted on a special  tes t  
i 
? stand which allowed m a s s  spectrometr ic  gas analysis during the out- 
gassing. The converter assembly was placed in a bell j a r  which was 
maintained a t  a vacuum of 10 
pump. 
and a mass spectrometer  were  connected to the cesium tubulation. 
The bell j a r  and converter were  evacuated to observed p res su res  of 
10 and 5 x 10 t o r r ,  respectively,  before heating was begun. 
P r e s s u r e s  in each case  were  determined f rom the discharge cur ren ts  
of the pumps. 
- 1  -6 
i t o r r  o r  lower by a 100  l i ter/second ion 
F o r  evacuation and gas analyses ,  an  8 l i ter/second ion pump 
-6  - 8  
f 
i 
i known quantities of carbon dioxide, hydrogen and nitrogen, and the 
The m a s s  spec t rometer  was calibrated with a mixture  of 
% 
analyses of other gases  were  based upon the calibrated nitrogen sen-  
s i t i  vit y * 
The outgassing was generally performed in  three s tages ,  with 
se r i e s  of m a s s  spectrometr ic  observations made periodically during 
the course  of the outgassing. 
f i r s t  gradually heated to 400 and 200 " C, respectively,  and maintained 
a t  these temperatures  until the  p r e s s u r e  in the converter re turned t o  the 
level obtained when the converter was cold. Then the temperatures  
of the collector and the cesium rese rvo i r  were  increased to 700 and 
400"C, respectively. In the meantime, the tube containing the cesium 
capsule was heated to 250°C for  about two hours.. 
of outgassing, the emi t te r  was heated to 1700°C. 
p r e s s u r e  in the converter was reduced to 5 x 10 
The collector and cesium rese rvo i r  were  
In the final stage 
When the observed 
t o r r ,  the outgassing 
- 8  
v - 1  
was considered complete and the converter was cesiated.  It was 
then t ransfer red  to the l ife-test  station and prepared for  testing. The 
m a s s  spec t romet r ic  resu l t s  will be available in the final report  on 
Contract No NAS 3-9424. 
B. EMITTER TEMPERATURE DETERMINATION 
Since the emi t te r  hohlraum is located 130 mi ls  above the electrode 
sur face ,  the temperatures  observed f rom the hohlraum must  be cor rec ted  
for  the temperature  drop through the emit ter  s t ruc ture  to obtain the 
t rue  surface temperatures  which a r e  required for  performance com- 
par isons,  To calculate this tempera ture  difference, the thermal  con- 
ductivity of the emi t te r  s t ruc ture  mater ia l s  and the magnitude of the 
heat f l u x  through the emi t te r  mus t  be known, 
were  obtained f rom recently published data ( re ference  8);  the magnitude 
of the heat flux through the emi t te r  was determined experimentally by 
ca lor imet r ic  measurements  in the heat flux section of the collector.  
The thermal  conductivities 
At the initiation of the testing of the converters  using emi t te rs  
C -2 and C -4, bright and dark  rings were  observed a t  the bottoms of 1 1 
their  hohlraums; these rings were  not observed in  the case  of previously- 
tested emi t te rs  B -2 and B6-2. 
and hohlraum tempera tures ,  it  was concluded that the observed hohlraum 
temperatures  of emi t te rs  C -2  and C -4 were  significantly lower than 
1 1 
the actual tempera tures .  Rolled, sandblasted tantalum foils were  in- 
s e r t ed  into the hohraums of these converters ;  fur ther  tes ts  showed that 
the bright and dark  rings were  no longer evident and that the tempera ture  
was in agreement  with that determined f rom surface brightness measu re -  
ments .  
F r o m  a comparison of surface brightness 
2 
F o r  the sake of uniformity, tantalum foils were  a l so  inser ted 
v-2 
into the hohlraums of the other converters  operating a t  the t ime 
(D1-1 and C1-5) .  With these two converters ,  no difference was  ob- 
served between the tempera ture  measurements  before and after the 
insertion of tantalum foil. 
C. PERFORMANCE DATA 
The data obtained were  in  the f o r m  of cesium families,  i. e . ,  
electrode tempera tures  were  held constant and a cur ren t  (I) - voltage 
( V )  curve was t r aced  fo r  severa l  different ces ium rese rvo i r  temper-  
a tures .  
collector body, and was  not cor rec ted  for the voltage drop in  the emi t te r  
sleeve; 1. 8 m V  per  P,/cm 
convert t o  electrode voltage. 
This family of I -V  curves fo rms  an envelope which represbnts  the 
optimized performance with respec t  t o  cesium temperature .  The 
remaining variable,  the collector tempera ture ,  was optimized by 
Output voltage was  measu red  between the emi t te r  s e a l  and the 
2, 
should be added to  the output voltage to  
A typical family i s  shown in  F igure  4. 
choosing that tempera ture  giving the highest output near  the point of 
maximum power. 
temperature ,  the performance will  reriain close t o  optimum over the 
ent i re  I- V ?range. 
Since the output i s  not a sensit ive function of collector 
v - 3  
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Figure  4. Cesium-Temperature Family of Converter C 1 - 5  
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VI .  EXPERIMENTAL RESULTS AND DISCUSSION 
Cesium families were  obtained for the converters  nea r  optimum 
collector tempera ture ,  over the emi t te r  temperature  range of 1600 to  
2000°K.  These families a r e  shown in Appendix A ,  and their  envelopes 
a r e  summar ized  in Figures  5 through 10. Each figure shows the op- 
t imized performance of a converter  with respec t  to cesium and collector 
tempera tures  for  severa l  emi t te r  tempera tures .  
obtained by interpolation a t  constant cur ren t  density,  were constructed 
to facil i tate comparison of the various emi t te rs  a t  the same emi t te r  
temp e r a  tu r  e s 
The dashed curves ,  
The optimized performances of the six converters  a r e  compared 
a t  emi t te r  temperatures  of 1600, 1 7 0 0 ,  1800, 1900 ,  and 2000°K in 
F igures  11 through 15. 
these emi t te r  tempera tures  for  a l l  of the conver te rs ,  since per form-  
ance stability i s  the main subject of the NASA-sponsored p rogram.  
data were  not taken a t  the higher emi t te r  tempera tures  for  some of 
the conver te rs .  
Note that data were  not available a t  each of 
The relative mer i t  of emi t t e r s  can be evaluated f rom the slopes 
of their  cesium envelopes. Generally a s teep eqvelope is  qssociated 
with a n  emi t te r  which i s  highly uniform o r  which requires  a low cesium 
p r e s s u r e  to achieve a given emission 
envelopes, the emi t te rs  can be classified into two ma jo r  groups.  The 
envelopes of Group I emi t te rs  
and the etched fluoride vapor-deposited tungsten emi t te rs  ( C  - 2 .  C - 4 ,  
1 1 
C - 5 ,  and D -1). show s teeper  slopes than those of Group 11, which 
consists of the mechanically- ground and electropolished fluoride 
Based on the slopes of the 
consisting of the chloride vapor-deposited 
1 1 
VI-1 
vapor-deposited tungsten emit ters  (B  -2 and B - 2 ) .  Group I emi t te rs  
2 6 
a r e  considered to be super ior  to Group I1 emi t t e r s ,  even though under 
some par t icular  conditions Group I1 emi t te rs  show higher output. F o r  
example, a t  T, = 1600°K and a t  high voltages, the output of emi t te r  
C -2 is l e s s  than that of B -2 (F igure  11). Under these conditions, 
the interelectrode spacing of converter C -2 (8. 5 mils) is  l e s s  than 
the optimum value, and the capabilities of the surface a r e  not fully 
realized. At T, > 1700"K, where the cesium p res su res  a r e  higher 
and the optimum spacing i s  smal le r ,  emit ter  C -2 shows higher 
performance than emi t te r  B -2 throughout the voltage range of 
pract ical  in te res t .  At an emit ter  temperature  of 2000"K,  the maxi-  
mum power achieved with chloride tungsten (emi t te rs  C - 2 ,  C1-4, 
and C -5)  i s  aboutsttwice a s  high a s  'Chat obtained with fluoride emi t te r  
1 6 
1 
I 
1 
6 
1 
1- 
B -2 .  ' 2 
The higher performance of the chloride vapor-deposited tungsten 
emi t te rs  ( C -2 ,  C -4, and C -5 ) ,  a s  compared with the fluoride vapor- 
deposited tungsten emi t te r  ( B  - 2 )  and the electropolished fluoride vapor- 
deposited tungsten emi t te r  ( B  -2) ,  i s  reasonable,  since the fo rmer  have 
a (110) and the l a t t e r  a (100)  p refer red  orientation: 
to note that chemical etching improves the performance of fluoride 
vapor-deposited tungsten emit ters  a lmost  to the level of chloride 
vapor-deposited tungs ten emi t te rs .  On the other iiand, electropolishing 
degrades the performance of fluoride vapor-deposited tungsten emi t t e r s ,  
a s  shown by comparing the performances of emi t t e r s  B -2  and E - 2  
2 6 
(F igures  13 and 14) .  
Electron ( re ferences  9 and 1 0 )  have shown that when the surface of 
a piece of tungsten, such a s  this fluoride mater ia l ,  i s  ground and heat 
t reated a t  t empera tures  l e s s  than about 2600"K, i t  recrystal l izes  to 
1 1 1 
2 
6 
It i s  interesting 
Independent experiments ca r r i ed  out a t  Thermo 
i 
1 L  
, /  
i 
I 
I 
i 
.j 
1 
i 
t 
I '  
I 
VI-2 
I 
give a near ly  randomly oriented sur face ,  containing considerable a r e a s  
which do not have (1 00 )  orientation but which a r e  superior  for  thermionic 
emission.  The surface of emit ter  B -2 is  presumably this rype of r e -  2 
crystal l ized mater ia l .  On the other hand, electropolishing the sur face  
removes the randomly oriented ma te r i a l  and discloses  the ma te r i a l  
with a fa i r ly  strong (100) orientation. In removing the non-(100) 
ma te r i a l ,  the thermionic performance is  degraded. 
The cesiated work functions est imated f r o m  cesium families 
a r e  shown in F igure  16 for  a l l  emi t t e r s .  
highest degree of (1 10) orientation, shows the .steepest envelopes and 
the lowest cesiated work functions. Emi t te r  B - 2 ,  with a (100) p r e -  
f e r r e d  orientation, shows the flattest  envelopes and the highest ces i -  
Emi t t e r  C -2, with the 
1 
6 
a ted work functions. These charac te r i s t ics  a r e  plausible, s ince the 
r "3 
slope of the envelopes and the cesiated work functions depend on the 
cesium p r e s s u r e  required for  a given level of emission,  which in  turn  
i s  influenced by the crystallographic orientation: 
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Figure 5. Optimized Cesium- Temperature  Envelopes of 
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Figure 9.  Optimized Cesium- Temperature Envelopes of 
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F igure 11. Comparison of Optimized Cesium-Temperature  
Envelopes at TE = 1600°K. 
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Figure 12. Comparison of Optimized Cesium- Temperature  
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Envelopes at Tg = 1800" K. 
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VII. CONCLUSIONS 
- 1  
'i 
e: 
I 
Per formance  data f r o m  chemically vapor-deposited tungsten 
emi t te rs  in a s e r i e s  of planar converters  with niobium collectors and 
interelectrode spacings of 8 f 1 / 2  mi l s  show that the maximum power 
achieved a t  a given emi t te r  tempera ture  with chloride tungsten 
emi t te rs  is higher than that achieved with fluoride tungsten emi t te rs  
over the emi t te r  tempera ture  range of 1600 to 2000°K. 
a t  an emi t te r  tempera ture  of 2000"K, the maximum power achieved 
with chloride tungsten is about twice that achieved with fluoride 
tungsten emi t t e r s .  
tungsten makes a considerable improvement in  i t s  performance, 
whereas electropolishing reduces the performance of ground fluoride 
emi t t e r s ,  
F o r  example, 
It was a l s o  found that chemical etching of fluoride 
A qualitative correlat ion was observed among the degree 
of orientation, the cesiated work functions, and the performances of 
the emi t te rs .  
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Figure A-1. Cesium-Temperature Family of Converter C -2 
1 a t  TE = 1730°K. 
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Figure A-4. Cesium-Temperature Family of Converter C -2 1 
at Tc = 2030" K. 
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Figure A-6. Cesium-Temperature Family of Converter C -4 
a t  TE = 1750" K. 1 
A-6 
I 
... i 
- .  
, 
i . .  
(Y 
E 
a 
E 
4 
V 
\ 
Ji 
2 
W 
P 
b- 
pc 
pc 
3 
U 
B 
$2 
30 
28 
26 
2 4  
22  
20 
18 
16 
1 2  
10 
8 
6 
4 
2 
0 
68-TR-5-24 
0 .1 .a .3 . .s .d .7 .8 .9 1.0 1.1 1.2 
, Volts 
Figure A-7.  Cesium-Temperature Family of Converter C -4 
1 at TE = 1850" K. 
A-7 
68-TR-5-25 
3 6  
3L4 
3 2  
30  
20 
26  
24 
2 2  
20 
18 
16 
14  
12 
1 0  
8 
6 
2 
a 
0 .1 .2 .3  .4 .5 .5 .7 ' .a .9 1.0 1.1 1.2 
OUTPUT VOLTAGE, Volts 
Figure A-8. Cesium-Temperature Family of Converter c -4 
a t  Tt = 1950°K. 1 
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Figure A-9.  Cesium-Temperature Family of Converter C -5 
1 a t  TE = 1 6 0 0 ° K .  
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Figure A-10. Cesium-Temperature Family of Converter C - 5  
1 'at TE = 1700°K 
A-10 
, "> 
I 
I 
N 
6 
\ 
1 
c 
3i z w 
c 
n 
36 
3 4  
3 2  
30 
28 
26 
24 
22  
20 
18 
16 
14 
1 2  
10 
8 
6 
4 
2 
68-  TR- 5-  19 
0 . I  .z .3 .5 .Q .f . .9 1.0 1 .1  1.i 
Figure A-11 Cesium-Temperature Family of Converter C - 5  
a t  TE = 1800"  K.  1 
A-11 
3 a 
36 
34 
3 2  
30 
28 
26 
24 
22 
20 
18 
16 
14 
12 
10 
8 
6 
4 
2 
0 
68-TR- 5-20 
0 .1 .2 .3 .4 .S .6 .7 .8 .9 1.0 1.1 1.2 
?PUT VOLTAGE, Voltr 
* 
Figure A-12. Cesium-Temperature Family of Converter C -5  1 
a t  Ta = 1 9 0 0 ° K .  
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Figure A-13 .  Cesium-Temperature Family of Converter C 1 -5  
at  TE = 2 0 0 0 ° K .  
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Figure A- 14 Cesium- Temperature  Family of Converter D - 1 
1 at T, = 1 6 0 0 ° K .  . 
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Figure A-1 5. Cesium-Temperature Family of Converter D -1 1 
at T, = 1 7 0 0 ° K .  
A-15 
36 
34 
3 2  
30 
28 
26 
24 
22 
20 
18 
16 
14 
12 
10 
8 
6 
4 
2 
0 
68- TR- 5- 27 
0 . I  .2 .3 .4 .5 .6 -7 -8 -9 1.0 1.1 1.2 
OUTPUT VOLTAGE, Vol tr 
Figure A-16. Cesium-Temperature Family of Converter D -1 
a t  T, = 1800°K. 1 
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Figure A- 17 .  Cesium- Temperature Family of Converter D - 1 
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Figure A-18. Cesium-Temperature Family of Converter B -2 
at T, = 1748°K. 2 
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Figure A-19. Cesium-Temperature Family of Converter B -2 
2 at TE = 1860" K. 
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Figure A-20 Cesium-Temperature Family of Converter B -2 2 
at TP = 1950°K. 
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Figure A-22. Cesium-Temperature Family of Converter B -2 2 
at Tc = 2150"  K. 
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’igure A - 2 3 .  Cesium-Temperature Family of Converter B -2 6 at T, = 1610°K. 
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Figure A-24. Cesium-Temperature Family of Converter B -2 6 at TE = 1760"  K. 
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Figure A-25. Cesium-Temperature Family of Converter B -2  
at TE = 1 9 1 0 ° K .  6 
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